Insulin receptor partially purified from human placenta by chromatography on immobilized wheat germ agglutinin was subjected to affinity cross linking to determine the relationship between the subunit structure of the multiple forms of the insulin receptor and their competence to bind insulin and undergo autophosphorylation. It was demonstrated that, whereas the 340-kDa intact receptor undergoes autophosphorylation, the 290-and 320-kDa insulin binding forms of the receptor do not. Phosphorylation at tyrosyl residues in the intact receptor was verified using a new facile method for determination of phosphorylated amino acids. The competence of the phosphorylated 340-kDa protein to bind insulin was demonstrated using a doubleprobe labeling protocol wherein receptor phosphorylated with [y-32P]ATP was crosslinked with disuccinimidyl suberate (DSS) in the presence of N'B29-biotinylinsulin. The observation that succinylavidin, by virtue of its interaction with biotinyl residues, decreased the electrophoretic mobility of receptor radiochemically labeled with 9 indicated that the phosphorylated 340-kDa protein was competent to bind insulin. This result is compelling evidence that the 340~kDa phosphorylated species is insulin receptor itself, rather than a closely associated contaminant.
Treatment of the receptor with the crosslinking agent DSS produced (after reduction and denaturation) a-dimer, P-dimer, and a smaller amount of tetramer. This observation is consistent with a symmetrical, tetrameric, a!fi2 structure for insulin receptor from human placenta, and excludes previously proposed alternative structures containing one (Y and one /3 chain. 0 1984 Academic Press, Inc.
The structure and mode of action of insulin receptor have been discussed in recent reviews (1, 2) . Structural studies of insulin receptor which had been labeled with affinity labels (3) (4) (5) or biosynthetic precursors (6) (7) (8) /3 subunits. The p-subunits of the receptor have recently been discovered to undergo insulin-dependent phosphorylation (9, 10) . In vitro studies indicate that the /3 subunit of solubilized receptor is autophosphorylated specifically at tyrosyl residues (9, 11, 12) , and that this subunit also contains an ATP binding site (13, 14) . Additionally, solubilized receptor has been shown to catalyze insulin-dependent phosphorylation of tyrosyl residues in exogenous substrates (11, 15, 16) . Interestingly, several viral oncogene products (17) and growth factor receptors (18) also catalyze phosphorylation of tyrosyl residues, suggesting that protein phosphorylation at tyrosyl residues may be involved in the initiation of cellular proliferation in addition to triggering the cellular response to insulin. Determination of the linkage (if any) between tyrosyl phosphorylation and the cellular response to insulin, however, is likely to require further characterization of the structure and interactions of the autophosphorylated insulin receptor. In this work results of affinity crosslinking and double-probe labeling studies are presented which support the symmetrical a&$ structure proposed for the insulin receptor, and establish that only the intact form of the insulin receptor is competent to both bind insulin and undergo autophosphorylation. reduction with DTT in the presence of SDS followed by SDS-PAGE and autoradiography, showed the 95kDa band, whereas similar treatment of the supernatant solution from the immunoprecipitate revealed only a trace of the 95kDa band. The phosphorylated amino acid in the 95kDa species was found to be primarily phosphotyrosine by subjecting the excised section of the gel containing the 95-kDa band to digestion with trypsin followed by limited acid hydrolysis of the solubilized peptides. Phosphoamino acids were separated and quantified by HPLC on a Cl8 column after they had been converted to PTC derivatives by reaction with Edman's reagent (Fig. 2) . These ob- servations of insulin-mediated phosphorylation of the receptor with the WGApurified receptor are essentially the same as those recently reported by Shia and Pilch (14) , using receptor from human placenta which had been partially purified by chromatography on hydroxylapatite and DEAE-trisacryl.
The time course of the insulin-dependent phosphorylation of the receptor is shown in Fig. 3 at several concentrations of ATP. The time dependencies illustrated in Fig. 3 indicate that, under the conditions used, phosphorylation was 50% complete within 2 min. The dependence of the steady-state level of phosphorylated receptor on the ATP concentration is consistent with either the presence of a phosphatase, which catalyzes dephosphorylation of the receptor at a rate comparable to its rate of formation from ATP (at low ATP concentrations), or a low equilibrium constant for the formation of phosphorylated receptor.
To determine the relationship between phosphorylation and the binding of insulin, receptor was treated with the aminespecific crosslinking agent disuccinimidyl suberate (DSS) in the presence of both ATP and insulin, or an insulin derivative, under the conditions used for phosphorylation wherein either the ATP was labeled in the y position with 3aP or the insulin was labeled with lar'l. The autoradiogram in Fig. 4A (experiment A) reveals the labeling of the 340-, 320-, and 2%kDa species5 usually obtained when insulin receptor was crosslinked in the presence of 'Y-insulin, and subjected to SDS-PAGE without reduction. In experiments A-C presented in Fig. 4A , N'=-biotinylinsulin was used rather than insulin. The same labeling pattern as that shown in the (-) lane of experiment A for 1251-N'B29-biotinylinsulin was obtained with '%I-insulin. The specificity of the affinity crosslinking reaction is illustrated in experiment B, wherein the presence of excess unlabeled insulin diminished the crosslinking of '%I-WBa-biotinylinsulin to the receptor. As illustrated by the (-) lane of experiment C of Fig. 4A , there was a pronounced change in the autoradiogram when the labeled moiety was changed so that the radiochemical label was in the ATP rather than in the biotinylinsulin. PANG ET AL.
The autoradiogram for experiment C suggests that phosphorylation occurs primarily in a species with an apparent molecular mass of 340 kDa. The autoradiograms displayed in lanes 3 and 4 of Fig. 4B reveal that treatment with the crosslinking agent (DSS) results in a considerable increase in bandwidth.
Thus, the crosslinking process rather than receptor heterogeneity is the primary cause of the broad band in experiment C of Fig.  4A . Inspection of Fig. 4B also reveals an increased mobility when the phosphorylated receptor is crosslinked. This increase in mobility is attributed to a more compact structure for the crosslinked receptor, whose resistance to unfolding in SDS should be a function of its extent of crosslinking. The increase in band width caused by the crosslinking process, therefore, might well reflect production of receptor populations which differ with respect to their extent of crosslinking and electrophoretic mobility.
The broadness of the band and the level of phosphorylation was unchanged when insulin was substituted for WBB -biotinylinsulin (compare the (-) lanes of experiments C and D in Fig. 4A ). Additionally, a much reduced level of phosphorylation was seen in the absence of insulin (experiment E in Fig. 4A and lanes 1 and 2 in Fig. 4B) . A plausible explanation for the labeling of a single band with [y-32P]ATP is that only the 340-kDa insulin-binding form of the receptor undergoes autophosphorylation.
It is well established that insulin receptor as obtained from various sources is heterogeneous with respect to molecular weight. Massague et al. (24) attribute this heterogeneity to limited proteolysis of the /3 subunit to a fll subunit, which gives rise to a mixture of a&J, a&3&, and intact CQ& tetramers. Shia and Pilch (14) have also observed that phosphorylation followed by SDS-PAGE under nonreducing conditions yields a single phosphorylated band which has the same electrophoretic mobility as the intact (~&a tetramer, and have concluded that only intact tetramer is autophosphorylated.
This observation, however, does not unambiguously establish that the high-molecular-weight form of the insulin receptor is phosphorylated, since phosphorylation could have decreased the electrophoretic mobility of a low-molecular-weight form of the receptor to that of the intact receptor. This possibility was excluded by the observation that longer exposure of the autoradiogram for experiment B of Fig. 4A yields the 290-, 320-, and 340-kDa bands in the same relative intensities as they appear in experiment A of Fig. 4A . The conditions used to study insulin binding in experiment B were similar to those used to study phosphorylation in experiments C and D, with the exception that in one set of experiments the radiochemically labeled species was insulin, whereas in the other set it was ATP. Thus, if phosphorylation produced a change in the electrophoretic mobility of the 320-or 290-kDa forms of the receptor, bands corresponding to those forms should have been absent when the insulin contained the label.
The fact that only a minor population of the receptor appears to be phosphorylated makes it important to verify that insulin receptor was phosphorylated rather than a closely associated contaminant. Although the observation that antibodies to the insulin receptor precipitate the phosphorylated 340~kDa protein provides strong evidence that insulin receptor is phosphorylated, the possibility has not been excluded that the phosphorylated protein represents a 340~kDa contaminant which is closely associated with the receptor. This possibility was excluded by demonstrating that the molecules which were phosphorylated were also competent to bind insulin. To do this a double-probe labeling protocol was used wherein the first probe was a 32P-labeled phosphoryl group and the second probe was WBmbiotinylinsulin. 6 If insulin receptor molecules retained their competence to bind insulin after phosphorylation, they should (22, 23) , and is illustrated in experiment A of Fig. 4A (compare (-) and (+) lanes which indicate treatment without (-) and with (+) succinylavidin).
The observation that treatment with succinylavidin decreases the electrophoretic mobility of the 340-kDa phosphorylated species (compare (-) and (+) lanes of experiment C, Fig. 4A ) proves that the phosphorylated receptor is competent to bind insulin. The control, experiment D, shows that the succinylavidin treatment has no effect on the electrophoretie mobility of insulin receptor crosslinked in the presence of native insulin rather than biotinylinsulin. Examination of the autoradiogram in experiment C with a scanning densitometer indicated that, prior to treatment with succinylavidin, there appears to be one broad peak which could be represented by a single Gaussian function but that treatment with succinylavidin resulted in the appearance of two overlapping peaks. The fraction of each component was determined with the aid of a computer program which fit the dependence of density on distance to the sum of two Gaussians. One of the components was assumed to be crosslinked receptor which did not become covalently linked to N'B29-biotinylinsulin and which therefore did not interact with the succinylavidin.
The values for the standard deviation and the peak position for the component which did not interact with succinylavidin was assumed to be the same as those observed for the single peak obtained in the absence of succinylavidin. The fraction of each component indicated that only about 60% of the phosphorylated receptor was crosslinked to the biotinylinsulin probe, when the concentration of this probe was 100 nM. Crosslinking efficiencies of 42-48s were observed at concentrations of 5, 10, and 40 nM WBBbiotinylinsulin.
These crosslinking efficiencies are within experimental error of the average value of 52% we obtained for the crosslinking efficiency for this probe when it binds to receptor in the absence of ATP (23) . The correspondence between these efficiencies indicates that essentially all of the phosphorylated receptor molecules are bound to at least one molecule of insulin probe at insulin concentrations 25 nM. It is important to note, however, that we have not ruled out the possibility that phosphorylation of the receptor quantitatively alters its affinity for insulin. Quantification of the alteration (if any) in the affinity of the receptor for insulin caused by phosphorylation will probably require studies with pure, intact receptor. New purification protocols must be developed, however, to obtain pure intact receptor kinase, since the published affinity chromatography procedures (e.g. (25)) yield preparations wherein the active intact receptor kinase is grossly contaminated by enzymatically inactive, low-molecular-weight forms of the receptor. Receptor crosslinked in the presence of 100 nM insulin and 50 pM [T-~'P]ATP was reduced and subjected to SDS-PAGE to determine the accessibility of the (Y-(Y, /3-8, and a-8 subunit interfaces to the crosslinking agent DSS. The autoradiograms in Fig. 5 indicate that reduction of the major 32P-containing band at 340 kDa (lane 1) results in the formation of three bands with electrophoretic mobilities corresponding to 95, 190, and 380 kDa. The most plausible explanation of this observation is that the 95-kDa band represents phosphorylated /3 subunits which were not crosslinked to other subunits, and that the other 32P-containing bands reflect crosslinking of the @ chain to other chains (see below). Figure 6 depicts the effect of reduction (with DTT) of receptor which was crosslinked in the presence of 'ZI-insulin. Lane 1 of Fig. 6A ducing agent. Lane 2 shows the ability of unlabeled insulin to diminish this labeling pattern, and demonstrates the specificity of the affinity crosslinking procedure. Lanes 3, 4, and 5 demonstrate the effect of treatment with increasing concentrations of DTT on the electrophoretic pattern of the radioactive bands. Interestingly, reduction gives rise primarily to two bands with apparent M;s of 125 and 240 kDa. Figure 6B , wherein bands corresponding to 290, 320, and 340 kDa were excised from the gel and separately reduced, shows that each species gives rise to the 125-and 240-kDa species. Close examination of the autoradiograms in lanes 6, 7, and 8 reveals that reduction of each of the bands in lanes 3, 4, and 5 gives rise to small amounts of species which migrate as if they had molecular weights about 40 kDa higher than the parent bands. These bands of increased molecular weight, and the 380~kDa band produced upon reduction of the 340-kDa crosslinked receptor labeled with %P (Fig.  5) , are attributed to receptor which was crosslinked to such an extent that reduction of interchain disulfide bonds did not result in dissociation of the subunits comprising the receptor. The increase in apparent M, is attributed to partial unfolding of crosslinked receptor upon reduction of the disulfide bands with DTT."
The 125-kDa band is attributed to (Y chains which were not crosslinked to other polypeptide chains. The 240-kDa band cannot be attributed to a crosslinked a/3 dimer, since a band having the same apparent molecular weight should have been observed when crosslinked receptor labeled with [32P]phosphate was reduced. Thus it is reasonable to attribute the 240-kDa band to a crosslinked LY dimer, and to attribute the 190-kDa band observed with receptor labeled with $Plphosphate to a crosslinked fi dimer. Our observation of a small amount of receptor tetramer that cannot be dissociated with even 25 mM DTT in the presence of SDS strongly suggests that the crosslinking agent DSS can crosslink the c.rfl interface. Crosslinking at the ~$3 interface, however, is probably markedly slower than crosslinking at either the CMY or /3j3 subunit interface, as evidenced by the failure to accumulate detectable levels of crosslinked a/3 dimer. The reactivity of the QLY and &3 subunit interfaces of the receptor suggests that a substantial segment of these subunit interfaces contain hydrophilic amino groups ' (5) . The samples were run in a 4.5% gel. These high concentrations of DTT were used to exclude the possibility that the band which migrated in the range of 240 kDa, after treatment with lower concentrations of DTT, was due to incompletely reduced material.
(B) Sample (1) and (2) were identical to (A), but in a separate gel. Samples (3, 6), (4, '7), and (5, 8) were the excised gel bands from (A) with &f,'s of 290, 3Xl, and 340 kDa, respectively. Samples 6-8 were treated with 25 mM DTT, whereas 3-5 were not. High-molecular-weight bands, (barely detectable in this exposure) in 6, 7, and 8 were estimated to be 320, 340, and 380 kDa, respectively. Samples 1-8 were run in the same gel, but samples 3-8 were autoradiographed longer in order to show the radioactive bands in 6-8. The marked reduction in the intensity of the bands upon reduction is consistent with the view that the insulin is primarily labeled with =I in the A chain whereas the B chain is primarily crosslinked to the receptor. Although the autoradiograms depicted in (A) were obt.ained in presence of 6 n?d 'l-insulin and no ATP, the bands attributed to a monomer (125 kDa) and (Y dimer (240 kDa) were also obtained when the insulin receptor was crosslinked under phosphorylation conditions (in the presence of ATP and Mn+* and higher concentrations of '%I-insulin) similar to those used for the experiments described in Fig. 5 . Under these conditions as well as in the absence of ATP, no band which could be attributed to aB dimer was observed. In Fig. 6 a low concentration of high-specific-activity 'l-insulin was used to maximize receptor labeling so that the subunit composition of each of the insulin binding forms could be examined individually.
which are accessible to the crosslinking that reduction of each of the 340-, 320-, agent.
and 290-kDa forms of the crosslinked reOur observation that reduction of affinceptor yields a mixture of (Y dimer and a! ity crosslinked receptor yields LY dimer monomer is consistent with the conclusion and p dimer indicates that the intact that the heterogeneity of the receptor is receptor must contain two (Y and two /3 due primarily to limited proteolysis of the chains, and provides strong support for /3 chain (24). This finding also rules out the symmetrical, tetrameric, cll&& model (at least for insulin receptor from human which has been proposed for the structure placenta) an alternative model proposed of insulin receptors (1, 4, 26) . The finding for the structure of the receptor, wherein the major form of insulin receptor was envisaged as containing one 130-kDa, one 90-kDa, and two IO-kDa polypeptides (27) . The failure of the 320-kDa putative c&I& tetramer to undergo autophosphorylation indicates that receptor autophosphorylation requires two intact /3 chains. This result suggests that, in the tetrameric receptor, phosphorylation might be an interchain process wherein one /II chain, acting as a kinase, phosphorylates the other /3 chain, and the limited proteolysis of the j3 chain which results in the formation of & abolishes its competence to act as a kinase or kinase substrate. It is important to note, however, that partially reduced receptor has been observed by Shia et al. (28) to yield phosphorylated c@ dimers upon treatment with ATP and insulin followed by SDS-PAGE.
Since it is not clear whether the ~$3 dimers dissociated from the reduced tetrameric receptor prior to phosphorylation and prior to addition of SDS, it is difficult to conclude from this observation whether isolated @3 dimers are competent to undergo autophosphorylation.
The competence of isolated c@ dimers to undergo unimolecular autophosphorylation would, of course, exclude the possibility that autophosphorylation requires interaction between the two @ chains.
